by bulky tissue, and to provide an optimal color, texture, and thickness match by recruiting local tissue without any resulting functional deficit.
Although free tissue transfer was the answer to many reconstructive challenges, there remained a subset of patient with extensive facial injuries who required restoration of multiple facial subunitssomething currently extremely difficult to achieve with autologous free tissue transfer. Vascularized composite allotransplantation emerged as a unique solution and has since been performed for a variety of patients with severe facial injuries.
As the number of facial vascularized composite allotransplantations have increased, efforts have been undertaken to optimize the transplant procedure 3, 4 and the required immunosuppression. 5 In addition, great consideration has been given to the final aesthetic and functional result and the steps necessary to achieve this goal. However, there may be an understandable reluctance to revise a facial vascularized composite allotransplantation because of the inherent risks involved.
As seen in the case of autologous free tissue transfer, secondary revisions following vascularized composite allotransplantation are necessary to obtain optimal functional and aesthetic results. This overview highlights the indications, decision-making process, revision procedures, and outcomes.
PATIENT AND METHODS
After institutional review board approval, a total face, double-jaw, and tongue face transplant was performed in March of 2012 (Fig. 1) . Computerized surgical planning was used to plan the skeletal component of the transplant, which included production of preoperative and postoperative digital models, intraoperative cutting guides, and recipient stereolithographic models. 4 Immediately after transplantation, the patient was in normal class I occlusion, according to the surgical plan. Over a 6-month period, he subsequently developed a severe class III malocclusion (Fig. 2) . Conservative orthodontic treatment initiated at 5 months postoperatively was unsuccessful in treating the malocclusion. Failed conservative management prompted surgical correction 6 months after transplantation.
First Revision Operation
Revisions were performed by the senior author (E.D.R.). Before the initial revision operation, a computerized surgical plan for skeletal revision by means of a Le Fort III osteotomy was developed. The upper face and midface were accessed through a coronal incision and the plates in the nasofrontal region and bilateral zygomas were removed, revealing fibrous bony union. The midface was disimpacted and advanced to meet the mandible in class I occlusion without altering the existent mandibular position and temporomandibular condyle-fossa relationship. Afterward, maxillomandibular fixation was applied using 24-gauge ligature wires. Bicortical fixation was achieved with two plates at each zygoma body and one plate at the nasofrontal region. A parietal calvarial bone graft was shaped and wedged into the osteotomy sites (Fig. 3) .
The temporal brow position was adjusted and resuspended to the deep temporal fascia. Excess coronal tissue was excised sharply. Suction lipectomy of excess submental fat was performed.
Second Revision Operation
Nine months after the initial transplant, and 3 months after the first revision operation, the patient underwent a second revision. The hypertrophic scar extending from the inferior auricular region to the level of the neck was excised bilaterally. A 2 × 2-mm fistula present along the right posterior maxillary region posterior to the maxillary tuberosity was closed with a nasal mucosal flap. A soft-tissue palatal mucosal flap was then rotated over the nasal mucosal repair and approximated.
Lower eyelid blepharoplasty was performed through an incision made at the margin of the donor allograft and the recipient periorbital skin. Because of slight destabilization and ectropion of the lid, a left tarsal strip tightening was performed (Fig. 4) .
RESULTS

Cephalometrics
Cephalometric analysis was performed before transplantation, immediately after transplantation, before revision, and after revision. Before transplantation, the patient was in class III malocclusion with a sella-nasion-A point angle of 78.79 degrees and a sella-nasion-B point angle of 81.47 degrees. Because the patient was initially edentulous, the Frankfurt-occlusal plane angle could not be measured. Upper facial height (measured from nasion to subnasale) and lower facial height (measured from subnasale to pogonion) were 45.27 mm and 65.46 mm, respectively. Computerized surgical planning was performed to obtain the best fit of the donor face. Cephalometric measurements were obtained in real time during the planning process. After the transplant, a repeated computed tomographic scan was obtained on postoperative day 1. Cephalometric measurements were performed and compared to expected measurements from the surgical plan. The actual postoperative measurements corresponded to the surgical plan with minimal deviation (Table 1) .
Close clinical follow-up enabled detection of changes in the patient's occlusion, and a computed tomographic scan was obtained on postoperative day 148 to assess skeletal changes. At that time, sella-nasion-A point angle had changed by −0.64 degree, the sella-nasion-V point angle had changed by 2.29 degrees, the Frankfurt-occlusal plane angle had changed by −0.19 degree, and upper and lower facial height had changed by 0.07 mm and −4.64 mm, respectively (Fig. 2,  below, right) . A new surgical plan was developed to return the patient to normal occlusion. Skeletal revision was performed on postoperative day 189, and cephalometric measurements obtained on postoperative day 190 revealed a sella-nasion-A point angle of 86.99 degrees, a sella-nasion-B point angle of 86.45 degrees, a Frankfurt-occlusal 
Aesthetics
After midface advancement, there was a significant improvement in the facial profile. The brow lift improved periorbital appearance, and submental lipectomy improved the jawline. Because facial transplantation requires an extensive incision resulting in a large scar, scar revision was performed to minimize the contrast between transplanted and native skin. Lastly, bilateral blepharoplasties eliminated excess periorbital skin and minimized the contrast between the graft and the patient's native eyelids (Figs. 5 and 6).
Blink
During transplantation, branches of the facial nerve were preserved to maintain blink. Excess periorbital tissue was also preserved to avoid lagophthalmos and lid eversion. No major blink or periorbital impairments were detected after face transplantation. However, after the skeletal revision, a new deficit in spontaneous and volitional blink was noted on the left and on spontaneous blink on the right. At 8 months after skeletal revision, blink function returned to the pretransplantation baseline. 6 
Blood Supply
A digital subtraction angiogram including selective catheterization and imaging of bilateral common and external carotid arteries was performed at 11 months to assess posttransplantation collateralization and flap perfusion. Bilaterally, the vascular anastomoses were widely patent, without any evidence of stenosis. On the right side, the primary supply to the tongue and face was obtained from two lingual arteries (one from the recipient and one from the donor) and a large, donor facial artery, respectively. On the left side, the donor facial artery supplied the facial soft tissues and a part of the tongue.
Angiographic assessment suggested excellent distal perfusion to the facial soft-tissue structures and the tongue, with homogenous contrast blush in the capillary phase. Evidence of collateral circulatory pathways was observed. For example, the branches of the donor right facial artery developed deep collateral anastomoses with the distal branches of the right internal maxillary artery. Interestingly, this resulted in backfilling of the (recipient) right internal maxillary and ascending pharyngeal trunk branches (Fig. 7) .
DISCUSSION
The goal of facial transplantation is to restore normal appearance and function to a patient with a previously unsolvable clinical problem. Although the largest portion of this goal is obtained by means of the actual transplant, secondary revisions can improve function and achieve a more desirable result. Because human facial perception is based on feature-by-feature analysis, 7 every attempt should be made to restore the normal appearance of each component, thus helping alleviate potential concerns of identity and sense of self. 8 Because of the en bloc and complex nature of facial transplantation, this is only possible by means of postoperative secondary revisions.
Unlike revising autologous free tissue transfer, revising a facial vascularized composite allotransplantation introduces additional risks and may precipitate the potential for complication, most notably, graft failure through vascular compromise. Patients who receive a face transplant are also pharmacologically immunosuppressed and therefore susceptible to infection and compromised wound healing. 9, 10 Indications for posttransplant revisions depend on the size, color match, and types of tissues transplanted and architectural discrepancies that may exist between the donor and the recipient. With the inclusion of either the maxilla or mandible, dental malocclusion or difficulty with mastication may require revision skeletal surgery. 11 Initial inclusion of large amounts of tissues and disruption of osteocutaneous facial retaining ligaments may require removal of excess tissue and resuspension once the initial edema and risk of acute rejection following facial transplantation have subsided.
Craniofacial Skeleton and Dental Occlusion
As evidenced from this single case, anatomically accurate and functional maxillary mandibular occlusion is difficult to achieve in the primary operation because of the challenge of aligning the double-jaw occlusal plane of a donor to the recipient's Frankfurt horizontal plane. 12 We attempted to address this concern in the initial transplant procedure with preoperative planning using computer-aided design and modeling, and intraoperative surgical navigation. Although we were successful in closely achieving our predicted surgical plan, the patient subsequently developed a class III malocclusion, which we believe was related to violation of his premorbid mandibular condyle and fossa relationship (Fig. 2) .
The patient's condyles and articular disks were not included in the transplanted segment, but the portion of the mandible containing the alveolar segments and the teeth were transplanted. The patient's premorbid occlusion was class III, and as he began to use his jaw for mastication and speaking, the forces imparted by the condyles and the surrounding soft tissue began to reapproximate his premorbid condyle-fossa relationship. Although the condyle-fossa relationship was normalized following transplantation, it was not the recipient's premorbid relationship.
Conservative treatment with orthodontic elastics was attempted at 5 months after transplantation. After 1 month of treatment, no significant improvement in occlusion was noted, and a plan for surgical correction was entertained.
Correction could be performed by means of either midface advancement osteotomy or a posterior mandibular setback osteotomy. A major consideration was the blood supply to the allograft. In this case, the viability of the allograft was dependent primarily on the facial vascular pedicle. No posterior vasculature was present to the transplanted maxilla because the posterior incision was at the junction of the hard and soft palates. Although the development of collateral circulation had not been assessed at the time of revision, every attempt was made to avoid compromising the existing facial vasculature. In addition, removal of the bicortical screws used for fixation of the mandible would require significant retraction and possible transbuccal fixation of the mandibular segments. These procedures carried a high risk of injury to the main facial vasculature supplying the vascularized composite allotransplant. Our patient also had a limited oropharyngeal airway inlet and therefore moving the mandible and tongue posteriorly could further compromise the airway and reduce the opportunity for eventual tracheostomy decannulation. Thus, the decision was made to advance the midface instead of moving the mandible.
Traditionally, a Le Fort I osteotomy is performed for occlusion correction. However, because of the lack of posterior vasculature to the transplanted maxilla, performing a Le Fort I osteotomy risked devascularizing the maxilla. Therefore, a Le Fort III osteotomy based on the original transplant was performed.
In facial vascularized composite allotransplants that include the jaws, preventing relapse into a pretransplant occlusion should be an important consideration. To prevent relapse, one strategy is to initiate orthodontic treatment earlier; however, it is uncertain whether earlier intervention would have avoided the need for skeletal revision in this case. We believe that limiting manipulation of the existent temporomandibular condyle-fossa relationship during the initial operation is critical to avoid postoperative malocclusion. How to plan for or prevent these changes is still a matter of debate; however, we have shown that revision midface osteotomies while preserving the vascular supply can be performed safely.
Soft-Tissue Augmentation, Resuspension, and Contouring
Although we attempted to preserve soft-tissue bony attachments during transplantation, there remained certain areas of ptosis requiring resuspension, likely caused by disruption of the osteocutaneous retaining ligaments. This concept was most evident in the forehead and periorbital regions because these anatomical regions were not procured with bony attachment. Suturing or other fixation methods should be used to mimic the function of the retaining ligaments; however, this may be minimally beneficial in the setting of immunosuppression and compromised wound healing. These challenges are likely more pronounced when performing soft-tissue-only transplantation.
The approach to treatment of soft-tissue laxity in posttransplantation patients is similar to that for facial free flap refinement. Aesthetic techniques such as suction lipectomy, soft-tissue contouring, and excess tissue excision can be used successfully. Of particular concern when revising a vascularized composite allotransplant is damage to the vascularity of the graft. During the second revision operation, submental suction lipectomy was performed and a safe distance from the facial vascular pedicles was maintained.
In addition, as donor and recipient tissues may not be in standard anatomical relationships, revision blepharoplasty may be indicated. In cases where the recipient eyelids are preserved, an interface between receipt and donor tissue may result in predictable destabilization and unpredictable scar formation. In our case, excess eyelid skin was initially transplanted to avoid ectropion. Once swelling had subsided and the tissues were in their final position, blepharoplasties were performed to obtain an optimal aesthetic result. Of note, tarsal strip tightening had to be performed because of lid destabilization and ectropion after tissue resection.
Hard-Tissue Mismatch
Hard-tissue mismatch between the donor and recipient can result in deficits of the facial contour, especially in areas of bony prominence such as the periorbital areas, the malar prominences, and the mandibular jawline. Although we did not use this technique, autologous fat grafting may be used to improve contour and increase soft-tissue bulk. Meticulous fat grafting is of paramount importance to avoid iatrogenic fat embolization and subsequent vascular compromise.
Alternatively, altering the underlying hard tissue may be required. Historically, alloplastic implants have been used to contour the facial skeleton; however, the use of implants in facial transplant patients has not been studied. Although our patient did not require dental implants because the transplanted jaws contained the full complement of teeth, there may be cases in which the allograft is edentulous and the patient may require further dental rehabilitation with osseointegrated implants. Implantation in immunosuppressed patients with solid-organ transplants has been studied and carries risks similar to those associated with implantation in healthy patients.
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Timing
Timing of soft-tissue revision is likewise important. As a result of the significant upper facial ptosis, eyebrow and forehead resuspension was performed first. This enabled assessment of allograft bony union and the result of the initial facial allograft suspension and ensured adequacy of the remaining tissue before proceeding to other soft-tissue revisions. After resuspending the upper face, the patient was reassessed and blepharoplasties were performed as a subsequent procedure.
Corneal Blink
Although facial vascularized composite allotransplantation is an opportunity to restore form and function, the complexity of the operation risks damage to preexisting functional units. During the transplant, the branches of the facial nerve were clearly visualized and preserved. However, unlike the transplant, the skeletal revision was performed through a coronal incision. Although sharp dissection was not performed in the plane of the nerve, retraction was necessary to perform osteotomies. Although the possibility of damage to corneal blink was discussed preoperatively and attempts were made to avoid damage, the postrevision blink deficits suggest that some neurapraxia had occurred. Although corneal blink subsequently returned to pretransplant function, this illustrates the risks of revision, which must be considered. 6 
Blood Supply
Angiography revealed that although collateral supply is starting to develop between the donor and recipient vessels, it is capable of providing an estimated 5 percent of the required flood flow, and is inadequate to sustain graft function should there be a failure of the primary anastomoses. Therefore, preservation of these anastomoses is essential to graft survival.
Other Posttransplant Revisions
Additional revision procedures required for complete rehabilitation are removal of the gastrostomy feeding tube and tracheostomy reversal. Tracheostomy reversal in such patients is a highrisk procedure that requires complete confidence in airway patency. Nasal and sinus endoscopy are critical for assessment of these structures and can be performed during revision procedures to minimize anesthesia exposure. In this case, endoscopic maxillary antrostomies were performed during the first revisions to improve maxillary sinus drainage and prevent infection.
Potential Disadvantages
As mentioned above, the greatest risks of revising a facial vascularized composite allotransplant are acute rejection and loss of the graft through vascular compromise. In addition, wound healing may be compromised in immunosuppressed patients and transplanted tissue, thus jeopardizing the aesthetic and functional result. Recent studies have revealed that although sirolimus is associated with higher surgical wound complication rates, 16, 17 modern immunosuppression regimens are not associated with an increased incidence of wound complication. 10 Lastly, local infection involving the graft can threaten graft survival and result in disastrous consequences.
CONCLUSIONS
We describe and illustrate the success of postoperative revisions performed in a patient who underwent composite facial allotransplantation (Fig. 5) .
In an effort to restore the appearance of patients with severe, devastating facial injuries, facial transplantation has emerged as a viable and successful option. Despite concerns for poor wound healing, the risk of infection in an immunosuppressed patient, triggering acute rejection, and risking catastrophic vascular compromise of the allograft, revisions to refine functional and aesthetic results can be performed. The procedures described confirm that many types of revisions can be performed with successful outcomes. Further study will be necessary to quantify the outcomes of post-vascularized composite allotransplantation revisions to determine which revisions are most valuable, and to establish which revisions can be performed safely. 
PATIENT CONSENT
The patient provided written consent for the use of his images.
